This work highlights the laser-based aqueous synthesis and processing of nanocomposites, composed of zinc or iron nanoparticles embedded in a N-Vinylcaprolactam microgel matrix, with potential applicability as ion releasing fiber pads for wound healing. An in situ laser process for microgel synthesis is developed and optimized for high embedded nanoparticle yields, evaluating influences of laser repetition rate and monomer concentration. The impact of the nanoparticles on polymerization was increased by embedded zinc oxide nanoparticles, and reduced in the presence of iron oxide. Furthermore, TEM images verified that the nanoparticles were homogeneously embedded into the polymer matrix. The nanoparticle-loaded microgels were thermally stable up to 429°C, which ensures that the composites maintain their integrity after heat sterilization and during rapid prototyping by thermal polymer processing. The general suitability of the hydrogels as active biomaterial for wound healing was assessed in toxicity, cell proliferation and migration assays using human dermal fibroblasts and keratinocytes, where cytocompatibility was verified, while the proliferation was affected by the gel alone as well as the embedded nanoparticles. The hydrogels were processed to suit their use as a biomaterial for wound coverages via electrospinning resulting in a centimeter scale fully cytocompatible fiber pad with the nanoparticle-filled microgel capsules supported on the fiber's surface.
Introduction
Nanocomposites composed of polymers and noble as well as ignoble metal nanoparticles like zinc and iron are highly interesting for various medical applications [1] , [2] , predominantly as they may serve as a reservoir for bioactive ions [3] , [4] , while additionally the embedded nanoparticles may induce changes in the composite's surface charge (hydrophilicity), which may favor cell growth and proliferation [5] . Zinc ions are known to support wound healing by their cell stimulating effect [6] , hence zinc release systems have been used for wound-care for a long time [7] , e.g. in burn wound treatment. Apart from zinc, iron is also known to be essential in cells and enzymes and plays an important role in the inflammatory phase after injury, generating oxygen radicals, which are necessary for efficient wound healing [8] .
Wound healing consists of three different phases [9] and it is during the first one -the inflammation -that the damaged tissue is particularly susceptible to infection. Burns lead to exudation and a leak of elements essential for the healing process. The absence of these elements, like iron and zinc has been shown to lead to an Christoph Rehbock is the corresponding author. a Nina Million and Vincent Coger: These authors contributed equally to this work. ©2017 Walter de Gruyter GmbH, Berlin/Boston. impaired skin-wound healing [10] . Commonly, patients are treated with bandages soaked with sodium chloride solutions, antibiotics and silver sulfadiazine [9] in order to prevent infections. During the three phases of wound healing -inflammation, proliferation and remodelling -metal ions are strongly involved in several cellular processes. The primary response to skin lesion is ensured by macrophages and neurophils which remove the extracellular matrix (ECM), cellular debris and/or infectious particles. This process necessitates the synthesis of proteases by macrophages. The protease family mainly involved in wound healing is the matrix metallo-proteases (MMP), which is zinc dependent as its active site directly relies on a zinc ion [11] , [12] , [13] . Neutrophils, for their part, are known to show an enhanced oxidative metabolism under zinc ions influence [14] . During the proliferation phase, fibroblasts (FB) are recruited and proliferate to build the granulation tissue. This temporary ECM mostly consists of type III collagen, whose synthesis requires the iron dependent procollagenlysine 5-dioxygenase [15] . In parallel, the proliferation, migration and differentiation of keratinocytes (KC) contributes to the reepithelialisation of the skin. Hereby zinc was shown to take a part in the KC differentiation mechanisms [16] . Finally the scar tissues are remodelled by a turn over between degradation of type III collagen by MMPs and type I neocollagenesis, where respectively zinc and iron are imperative [11] , [12] , [13] , [15] . Based on this, it may be concluded that an optimized ion release system for zinc and iron based on nanocomposites would be highly beneficial to aide in wound healing, while the embedded nanoparticles could serve as excellent ion release source because of their high surface-to-volume ratio. Therefore, they release more ions than micro particles of the same mass due to a faster dissolution rate [17] . Additionally, Hahn et al. demonstrated a concentration-dependent metal ion release by metal nanoparticle silicone composites lasting for more than 80 days [18] . However, not all polymer matrices are practical for controlled release. E.g. Hahn et al. demonstrated the burst release of copper and silver ions from silicone matrices [19] , [20] , so in some systems encapsulation of the nanoparticles into the matrix could provide an, in this case undesired, attenuation of the ion release as higher ion concentrations may be harmful to cells and tissues [21] .
Chemical preparation of polymer-nanocomposites is highly labor intensive, because precursor chemicals, stabilizing agents or other additives remaining after the preparation process have to be removed by timeconsuming purification processes, mandatory since organic solvents or surfactants are known to be toxic. Another disadvantage originates from the fact that each metal nanoparticle material, to be integrated into the polymer matrix, requires new synthesis route with new reactants and solvents.
In contrast to this, pulsed laser ablation in liquid (PLAL) represents a fast and easy in situ preparation method of highly pure and matrix binder free polymer nanocomposites, pioneered by Compagnini et al. [22] and recently reviewed elsewhere [23] , [24] , [25] . It comprises the ablation of a solid target, located in a liquid, using a focused pulsed laser beam, resulting in colloids of high purity [26] . Another advantage of this method is its great material variety. So switching between different nanoparticle materials can be achieved by simply exchanging the metal plate located in the ablation chamber.
A variety of materials, like silver, gold and NiTi alloys, have already been prepared in situ in solutions of monomers and polymers by pulsed laser ablation processes. This was followed by polymerization and resulted in highly homogenous nanocomposite materials [27] . The fabrication of composites for biomedical applications has been demonstrated by Besner et al. who functionalized laser-generated nanoparticles in various aqueous biopolymer solutions [28] . However, they observed pyrolysis of the polymer caused by the femtosecond laser pulses [28] . A similar approach was previously used to embed iron and gold nanoparticles into alginate gels, which were bio-printed into tubes, where particularly the embedded iron nanoparticles significantly improved cell proliferation [29] .
For the synthesis of nanocomposites for fiber pads, water-based biological environments are required. Hence colloidal, submicron sized hydrogels (microgels) are excellently suited as hosts for metal nanoparticles fabricated by laser ablation in aqueous monomer solution. These gels can incorporate nanoparticles [30] , as previously demonstrated by Ballauff et al. who successfully embedded different nanoparticle materials into microgels [31] . Furthermore, microgels were reported to be efficient as controlled release systems for many different species like proteins and biomolecules [32] .
For a topical application on wounds, the microgels have to be integrated into a fiber structure. Poly(ε-caprolactone) (PCL) was chosen as fiber material because this polymer is known to be cytocompatible and biodegradable [33] , [34] . The first property is important for a wound dressing which is in direct contact to tissue and the second one ensures the removal of polymeric material which might be released into the wound.
Depending on the oxidative potential of the ablated element, laser ablation of metals in liquids results in partly or fully oxidized nanoparticles [26] , [35] with high surface charge densities [36] . It is known that the ion release from nanocomposites occurs by corrosion and dissolution [37] , [38] . Therefore, elemental nanoparticles or particles with minimal oxidation are favored as they constitute ion sources with potentially higher capacity. It could be shown by Makridis et al. that even the embedding of ignoble laser-generated magnesium nanoparticles into Polymethylmethacrylate leads to crystalline oxygen-free nanoparticles [39] . This work highlights synthesis strategies for the controlled design of N-Vinylcaprolactam (VCL) microgels loaded with gold, zinc and iron nanoparticles by an advanced laser-based in situ method. This entails a detailed study of the nanoparticle productivity at different laser parameters and monomer concentration as well as an evaluation of the polymerization yield in the presence of nanoparticles. Furthermore, post processing of the loaded hydrogels into fiber pads via electrospinning is conducted, while bio-response of the microgels is evaluated by exemplary in vitro cytocompatibility and proliferation assays. This process chain is illustrated in Figure 1 . Primary focus of this work is thereby a fundamental and detailed physico-chemical characterization of the newly designed biomaterials concerning the nanoparticle yield (mass load in the gel) as well as the quality of embedding followed by assays evaluating cytocompatibility and cell proliferation. 
Results and discussion

Laser-based synthesis
It has already been shown, that various parameters influence the ablation efficiency during nanoparticle generation by pulsed laser ablation in liquid media, like the repetition rate, the liquid layer above the target and the viscosity as well as the refractive index of the liquid [26] , [40] , [41] . However, the effects of laser processing conditions on the nanoparticle yield and the degree of polymerization has not yet been studied in an aqueous microgel system. First, we investigated the influence of the repetition rate on the nanoparticle productivity for three different metals: zinc, iron and gold. The experiments were conducted in solutions of 0.1 M VCL and 2-(Methacryloyloxy)ethyl acetoacetate (AAEM), N,N′-Methylenebis(acrylamide) (BIS) and 2,2′-Azobis(2-methylpropionamidine) dihydrochloride (AMPA) at concentrations specified in the experimental section, at 80 °C and repetition rates varied between 2 kHz (∼0.4 W) and 100 kHz (∼17 W) (chemical structure of the used components as well as the polymerization mechanism are depicted in Supplementary Figures S1 and S2).
With increasing repetition rate the ablation efficiency (ng/pulse) decreases similarly for all ablated materials ( Figure 2A ). This observation fits well with results shown elsewhere ablating zinc with picoseconds pulses in tetrahydrofuran [40] . Each laser pulse induces a cavitation bubble, which can be described as a "nanoparticle reactor", in which the nanoparticles are formed [42] . An increasing repetition rate signifies a reduction of the temporal interpulse distance, which could cause an overlap of subsequent pulses and cavitation bubble lifetimes. Sasaki et al. reported the lifetime of the cavitation bubble for nanosecond laser pulses at ambient pressure to be 15-200 μs [43] , and for picosecond laser pulses Wagener et al. determined a threshold of 5 kHz (equivalent to 200 μs interpulse distance) [40] . A further increase of the repetition rate creates a shielding effect by the cavitation bubble of the previous pulse which affects ablation efficiency. Hence the mean ablation per pulse tends to decrease with increasing repetition rate [40] . It is known that size and lifetime of the cavitation bubble are proportional to the laser pulse energy [44] , [45] , [46] and pulse energies used by Wagener et al. (125 μJ) [40] were similar to those used here (160 μJ). Hence the temporal shielding effect is in agreement with the results shown here. Starting at 5 kHz an exponential decrease of efficiency could be shown. The temporal interpulse distance at this repetition rate is 200 μs, which seems to indicate a lifetime of the cavitation bubble of approximately 200 μs, causing the efficiency dropdown by overlapping pulses and bubbles. On the other hand, increasing repetition rates correspond to a higher average laser power, resulting in a linear dependency of productivity converting to a plateau of saturation, illustrated in Figure 2B , which is comparable to the productivity curve of zinc in THF [40] . Occurring interactions of laser pulses and cavitation bubble also limit the maximum productivity. The saturation range begins between 20 kHz for gold and iron and 33 kHz for zinc, corresponding to a temporal interpulse distance of 50 μs and 30 μs, respectively. In comparison with the results in Figure 3A , these maxima correspond to the regime, where the ablation efficiency begins to stay constant. The discussed shielding effect therefore yields a maximum productivity of 0.50 mg/min (iron), 0.53 mg/min (gold) and 0.86 mg/min (zinc), which equals a laser output specific productivity of 1.88-3.22 mg/(h·W). Naturally, these values are lower in contrast to ablation experiments conducted in pure solvents [e.g. for gold 7.9-16.9 mg/(h·W)] [26] due to laser scattering during ablation in turbid media (see below). With regard to the results shown so far, the optimal repetition rate for maximum zinc oxide nanoparticle production is 33 kHz. At this setting all pulses are directed to the target and maximum yield is reached. Furthermore, additional pulses produced at higher repetition rates and reflected by the cavitation bubbles could induce undesired reactions and by-products in the polymer matrix and should be avoided. Next to the dependence of the ablation efficiency and synthesis yield on the laser and material parameters the properties of the liquid media may also influence the ablation process and therefore the nanoparticle yield. Here it should be considered that liquids with a high optical density attenuate laser intensity and hence the solution's turbidity, which could reduce ablation efficiency. Polymerization of VCL-based microgels in water leads to increasing turbidity, caused by the formation of light scattering dense microgel particles, which is dependent on the used monomer concentration. Results of a systematic study examining the effects of the monomer concentration on nanoparticle productivity and the loss of laser intensity for zinc are presented in Figure 3 , while a similar increase in turbidity with monomer concentration was found for gold (Supplementary Figure S3) .
With increasing monomer concentration microgels with larger diameters are produced ( Figure 3 ). This causes a significant loss of laser intensity, which of course is no longer available for the ablation of the zinc target ( Figure 3 ). When the monomer concentration exceeds 0.02 M VCL (and further reagents in proportional amounts) the loss of the laser intensity steeply increases by 84% to 97%, demonstrating that the dispersed microgels scatter light at the wavelength of the laser source. Accordingly, the ablation efficiency is drastically reduced. Based on these results the monomer concentration for an optimum nanoparticle load in the polymer matrix was set to ≤0.02 M, where the laser ablation process enables one-pot, aqueous synthesis of colloidal stable nanoparticles embedded in a polymer matrix free of matrix-binder additives.
Subsequent to optimization of the laser ablation process and educt concentration, the formation of microgel capsules also requires a defined polymerization rate. Therefore we elucidated how embedding of the nanoparticles affects the monomer conversion.
Polymerisation yield and microgel morphology
To determine the influence of the encapsulated nanoparticles on the polymerization yield total organic carbon (TOC) measurements were done after laser ablation synthesis in the supernatants. Naturally, a low TOC in the supernatant indicates a high polymerization yield. Results are presented in Figure 4 . The used radical polymerization mechanism requires a time interval of approximately two hours to reach complete polymerization. After the generation of the polymerization seed, zinc oxide can support a propagation reaction [47] , leading to a polymerization yield improved by 4% ( Figure 4 ). In contrast to this, iron seems to quench the initiator, probably by redox-reactions, resulting in a polymerization yield decreased by 22% compared to an unloaded microgel. In gold-loaded microgels the polymerization yield was lowest (31%), probably attributed to the fact that gold nanoparticles are known to quench radicals by surface adsorption [48] . Therefore, it has to be taken into account that the preparation of microgel-embedded gold and iron oxide nanoparticles results in lower amount of product material for post processing. TEM measurements validated that the nanoparticles are safely embedded within the microgels, and no free nanoparticles were observed.
Quantitative embedding of the nanoparticles is of paramount importance as previous work has shown that the release of ions by oxidative nanoparticle dissolution is desired, but a release of the nanoparticles themselves has to be avoided with regard to possible negative health effects [45] . Samples with gold and iron oxide nanoparticles show equal quantitative embedding behavior as indicated by representative TEM images depicted in Figure 5 . Even though this could not be demonstrated for zinc oxide nanoparticles by TEM due to the low contrast of the lighter element zinc, a similar behavior can be assumed. Evaluation of TEM and DLS measurements of gold nanoparticle-loaded microgels leads to the size distributions illustrated in Figure 6 for the microgel structures and the nanoparticles. Microgel capsules have a hydrodynamic average diameter of 108 nm and the embedded nanoparticles an average diameter of 4.6 nm. The insert of Figure 6 shows the freeze-dried samples (ready for electrospinning) which have a haptic appearance similar to cotton wool. In this context it could be observed that the microgels depicted in the TEM images in Figure 5 and Figure 6 do not seem to be present as individual gel particles but as a fused network. The origin of this gel fusion cannot be fully explained, however, as individual gel structures were found after immobilization to the fibre pads (Figure 11 ), it may be hypothesized that gel fusion is a drying artefact on the TEM grid. The hydrodynamic size of the hydrogels determined by DLS and representative sizes estimated based on TEM images seems to be in a similar range, even though one would expect a shrinkage of the gel particles upon drying. However, it should be noted that size estimation from TEM images is limited by bad statistics as well as the fusion of the microparticles on the TEM grid. Nonetheless, based on the current data we may conclude that the sizes of the hydrogels can be confirmed by two independent methods and that shrinkage of the gels upon drying seems to be of limited magnitude. 
Nanoparticle-polymer coupling
After freeze-drying, the remaining monomer in the dried product termed Volatile Organic Compounds (VOC) together with residual water inside the sample may be determined by Thermal Gravimetric Analysis (TGA). Thermal gravimetric measurements were done under non-oxidative conditions in a nitrogen atmosphere. [49] , [50] . Hence, the detected temperature shift may be an indicator for the nanoparticle-matrix coupling. The remaining water and VOC content sums up to 15%. However, this portion does not hinder the electrospinning process to microfibers as it was shown by van't Zand et al. for Poly(ε-caprolactone) [51] . The nanoparticle content could be estimated to be 4%, which is equal to a nanoparticle-load of 4.8 wt% in the organic matrix. The high thermal stability far above 300 °C (Peak at 429 °C) enables thermal post-processing, like electrospinning or injection moulding. Even more importantly, the high thermal stability renders the nanoparticle-loaded microgels compatible to thermal sterilization procedures.
Up to now we have demonstrated that nanoparticle-loaded microgels consisting of immobilized polymer chains on the nanoparticles surface can be prepared, while the particles are totally encapsulated into the PVCL-AAEM colloidal hydrogels.
Biological testing
Cytocompatibility assays in the course of this work were carried out with microgel eluates. In this context it should be noted that these assays are useful as they constitute the most extreme case in the course of toxicity screening as all content of the gel is released into the medium and can work as an active component. More realistic biological assays, better suited to evaluate the further use of this novel biomaterial as a wound dressing would involve intact hydrogels immobilized on the electrospun fibers. Preliminary assays in this context are presented in the final section of this manuscript ( Figure 13) .
To determine the cytocompatibility of our system, we used a combination of CellTiter-Blue ( Figure 8A and C) as a cell metabolism assay and CytoTox-One ( Figure 8B and D) as cytotoxicity assay. We treated primary human keratinocytes (h-KC) ( Figure 8A and B) and human dermal fibroblasts (hd-FB) ( Figure 8C and D) with eluates of empty microgels as well as microgels containing iron or zinc nanoparticles. The elution of the microgels was adapted from the recommendation given by the ISO norms 10993-12 [International Organization for Standardization; Biological evaluation of medical devices -Part 12: Sample preparation and reference materials]. The result is a culture medium containing only the substances released from the microgel. As the microgels represent a fraction of the whole fiber here presented, we set the microgels at a concentration of 8 mg/mL in culture medium. The microgel suspension was set for 37 °C under rough agitation to allow the release of any substance that could potentially be cytotoxic or have an effect on the cell metabolism into the medium. After 24 h, we centrifuged the microgels and filtered it through a 0.22 μm syringe filter two times to ensure that no microgel remains in the eluation medium. This gave us the possibility to vary the elution concentration on the cells from 4 μg/mL to 4 mg/mL. H-KC cells cultured with empty microgel eluates at concentrations above 400 μg/mL show statistically enhanced cell proliferation with a peak for 1 and 2 mg/mL where the values are 1.5 times higher than for the control culture ( Figure 8A) . Furthermore, unloaded microgels show a tendency of dose dependent enhancement of the hd-FB proliferation with a statistically significant improvement at 4 mg/mL where metabolic activity was 1.6 times higher than in the control culture ( Figure 8C) .
Addition of iron nanoparticles into the microgel shows a reduction of the values observed for empty microgels for both cell lines. However, significance can be shown for h-KC cells at concentrations >1 mg/mL ( Figure  8A ) and hd-FB at 4 mg/mL ( Figure 8C ). In contrast, the effect of loading the microgels with zinc nanoparticles seems to be strikingly different for both examined cell types up to a microgel concentration of 2 mg/mL. For h-KC cells no significant differences in proliferation compared to the unloaded gels can be found for low concentrations, while a slight reduction is visible for 2 mg/mL. On the other hand, hd-FB proliferation exhibits an enhancement compared to the unloaded gel when the microgels are loaded with zinc nanoparticles. This trend is statistically significant at microgel concentrations of 400 μg/mL-2 mg/L ( Figure 8C ). However, zinc nanoparticle-loaded microgels with an eluate concentration of 4 mg/mL induces a complete loss of cell activity for both cell types comparable with those of the negative controls which are h-KC and hd-FB, both lysed with Triton-X ( Figure 8A and B) .
In contrast to cell activity evaluations, cytotoxicity tests showed no deviations from the control cultures ( Figure 8B and D) regardless to the content or the concentration of microgel eluates. The only exception is found in microgels with embedded zinc nanoparticles at a concentration of 4 mg/mL. This treatment indeed led to statistically enhanced measures of LDH-release compared to control culture, with values of 65 and 29% for h-KC ( Figure 8B ) and hd-FB (Figure 8D ), respectively. This regime of enhanced cytotoxicity correlates well with the conditions where proliferation was completely inhibited. As these studies were conducted on eluates where the entire, potentially toxic content of the microgels was present in the medium, we can conclude that the nanoparticle-loaded microgels are safe for further use, as in more realistic cytocompatibility assays with fiber pads the concentration of soluble materials (Fe 2+ /Fe 3+ or Zn 2+ ) are expected to be lower as parts will be retained in the microgel.
Next to toxicity and proliferation, cell migration was tested by performing scratch tests on h-KC ( Figure 9 and Figure 11A ) and hd-FB ( Figure 10 and Figure 11B ). Therefore, defined defects were introduced to the cell layers, while recolonization of the defect area after 48 h was evaluated in the presence of eluates containing empty microgels as well as microgels loaded with iron or zinc nanoparticles at concentrations of 1 mg/mL. Unloaded microgel eluates induced a significantly reduced h-KC wound closure in comparison to untreated cells ( Figure 11A ). In contrast, the addition of iron or zinc nanoparticles to the microgel resulted in statistically higher closure values, with respective values about 2.5 and 1.5 times higher than the empty microgel. Concerning hd-FB ( Figure 11B ), cell populations treated with unloaded microgel eluates show closure rates similar to the control cells. Interestingly, the embedding of metal nanoparticles (iron or zinc) into the microgel, in this case, leads to a statistically significant deterioration of the closing rates in comparison to the control group. These findings seem to indicate that the influence of loaded and unloaded microgels on wound closure strongly varies with the examined cell type.
According to previous analyses with chemically-synthesized microgel analoga [53] , the metal nanoparticle loading in the microgel is about 1% w/w and between 25% and 50% of the metal content of the microgels is released at the chosen elution conditions (incubation at 37 °C for 24 h). Thus, we could predict metal ion concentrations varying from 20 ng/mL to 20 μg/mL in the toxicity and cell activity tests we performed, and 5 μg/mL in the migration tests. Therefore, the observed cytotoxicity of the zinc microgel eluates on h-KC ( Figure  8B ) can be easily correlated to the zinc ion concentration in the medium which was 300 μM. This corresponds well to the LD-50 of zinc ions on h-KC which was established by Kappus and Reinhold to be around 230 μM [52] . Hd-FB cells ( Figure 8D) were also affected by the zinc ion release at the highest concentration of microgels elution with fewer LDH-release, but also with no measurable cell activity compared to the control culture ( Figure 8C ). The findings are in good accordance with previous studies on zinc-loaded microgels immobilized on fibers, where a high zinc loading and ion release was also correlated with impaired cell viability [53] . These data clearly indicate that zinc ions exceeding a particular concentration threshold are harmful to hd-FB as well as h-KC cells. Thus we conclude that a precise control of the maximum zinc loading and the associated release is crucial in order to establish a therapeutic window for a potential microgel-based ion release system.
Aside from cytotoxic effects at high zinc concentrations, the unloaded microgel itself, our delivery system, enhanced the cell proliferation in a dose-dependent manner from 1.3 to 1.5 times in case of h-KC ( Figure 8A ) at eluate concentrations from 0.4 to 4 mg/mL. On the other hand cell migration was reduced by the carrier at a concentration of 1 mg/mL ( Figure 11A ). Hd-FB showed the same enhancement of the proliferation profile ( Figure 8C ) but conserved their full migration ability ( Figure 11B ). Those results concerning our delivery system cannot be fully explained based on the current experimental design.
The proliferation-enhancing effect of microgels immobilized on the surfaces of supports or scaffolds for tissue engineering is well documented and could play a role in this study in case not properly lysed microgels may immobilize on the bottom or the rim of the culture well. It was e.g. reported for osteoblasts [54] and Schwann cells [55] and attributed to physical changes of the support material. In a previous study we also examined the proliferation of NIH/3T3 cell line under electrospun PCL fiber elutions loaded with PVCL microgels and also found enhanced cell activity with the microfiber combined with microgel [53] , as well as the cells ability to colonize the modified microfibers.
However, even though we observed through UV-visible absorption spectrophotometry and dynamic light scattering (data not shown) traces of microgel remain in the medium after the elution procedures and therefore we down centrifuged it for a second cycle and performed filtration of the medium. This resulted in UV-visible absorption spectrophotometry and dynamic light scattering values comparable with the medium standardly used for the cell culture. Based on this we may conclude that contributions from intact microgels are unlikely.
Consequently, we hypothesize that microgels themselves released substances during the elution that could not be properly characterized in full culture medium supplemented with fetal bovine serum (FBS). Those eluted substances from the microgels could have somehow supported the metabolism of the different cells types conducing to an enhancement of the cell proliferation. Moreover, the scratch test is the sum of proliferation and migration of cells, it is surprising that no modification of the hd-FB scratch closure rate was observed. This counter intuitive behavior is even stronger in the h-KC were the closure is retarded. This allows us to suppose an inhibiting effect of the microgel release on the migration that offsets the enhanced proliferation.
Loading the microgels with iron nanoparticles reduced the h-KC proliferation in contrast to the unloaded gel ( Figure 8A ) but enhanced their motility in comparison to the unloaded gel and the control ( Figure 11A ). On the other hand, iron loading does not affect the hd-FB proliferation ( Figure 8C ) but delays the closure of the scratch ( Figure 11B ). This allows us to hypothetize that iron release at calculated concentration of 5 μg/mL impairs the hd-FB motility. Except of toxic effects found at higher concentrations, zinc adjunction does not affect the h-KC proliferation ( Figure 8A ) and counterpoised the migration reduction caused by the microgel and leads to the restoration of the h-KC migration potential ( Figure 11A ). The hd-FB showed an enhancement of the cell proliferation in the presence of zinc ( Figure 8C) , which, surprisingly, could not be found in the migration studies during scratch test experiments ( Figure 11B) .
The fact that embedded soluble ion-releasing nanoparticles can affect proliferation and migration is not surprising as h-KC migration was previously shown to be affected by the release of iron and zinc ions as specified in the introduction [11] , [12] , [13] , [14] , [15] , [16] . While KC differentiation, ex vivo, was already described to be induced by topical applications of zinc [16] , this parameter has to be studied further in order to supplement the potential effects of our system on the KC behavior. While KC rebuild the epidermis and enable the restoration of the homeostasis, FB are recruited on the wound site and proliferate in order to build the granulation tissue. Here our system shows ambiguous results. On one hand, a reduced migration may lead to fewer cells recruited which, on the other side, could be compensated by the enhancement of the cell proliferation induced by our system.
In these studies we could verify that the addition of the microgel carrier system itself significantly enhanced proliferation in both examined cell types. Furthermore, the addition of nanoparticles into the gels also affected proliferation and migration of the h-KC and hd-FB cells, even though the individual effects cannot be properly explained based on the current experimental design. However, we can conclude that cytocompatibility is not affected by the composite in case the concentration of zinc-loaded gels is kept below 4 mg/mL. Hence the microgels are basically safe and suitable for further processing into medical devices like wound dressings.
Fiber pad prototyping and cytocompatibility testing
The electrospinning process leads to nanofibers where the microgels are located on the fiber surface containing nanoparticle filled capsules. This hierarchical macro-micro-nanostructure is shown in Figure 12 . ) showing SEM measurements of electrospun fibers covered with laser-generated zinc oxide nanoparticle-loaded microgels. Encapsulated nanoparticles are located in the gels on the surface of the fibers, determined by TEM (C and D). Nanoparticle load on the microgel is 5.4 wt% and microgel to PCL mass ratio is 8 wt%.
The electron microscope images clearly show that the nanoparticles are conjugated to the polymer matrix even after the electrospinning process. These findings are in good accordance with previous experiments where microgels loaded with chemically-generated ZnO were immobilized on electrospun fibers [53] . The fabricated fibers loaded with laser-generated zinc oxide nanoparticles were furthermore tested for cytocompatibility while the results are shown in Figure 13 . Here, a cell colonization test was conducted with the fiber-supported microgels placed on top of the cells to assess compatibility and migration after cross-section of the sample. The fabricated microfibers (yellow structure in Figure 13 ) were placed on a collagen gel which is filled with human dermal fibroblasts (blue dots in Figure 13 ). After 48 h, cell nuclei were observed in the fabricated fiber pads containing laser-generated zinc oxide nanoparticles ( Figure 13 ). This demonstrates hd-FB colonization of the pads and thus cell-motility towards the fibers, verifying the cell support's cytocompatibility.
Conclusions
Synthesis of nanoparticle-loaded microgel capsules for potential ion release applications is of great interest in medicine. Supporting the microgels on fiber surfaces converts this micro system into a macroscopic construct, potentially compatible to pad-type dermal applications. A water-based, scalable one-pot preparation method for these biomaterials was established using picosecond-pulsed laser ablation in aqueous monomer solutions. The optimization of the laser ablation yield has been reached by variation of the temporal interpulse distance and monomer concentration using a sixteen Watt picosecond laser for production of zinc oxide nanoparticles. This allows the fabrication of around 29 g polymer composite master batch per day made of microgels loaded with 4.5 wt% zinc oxide nanoparticles. Processing this master batch blended with Polycaprolactone results in about 96 g of electrospun fiber pads, covering roughly 13.5 m 2 . The productivity could be further enhanced using an innovative high power laser system with an advanced polygon scanner system and a flow-through setup achieving nanoparticle productivities up to 4 g/h [56] , which could boost the daily production of these polymer composite materials into the kilogram regime. Aiming at a bioactive release system the successful encapsulation of zinc and iron ion sources (the nanoparticles) into the polymer was confirmed by transmission electron microscopy, total organic carbon and thermal gravimetric analysis.
In vitro cell tests using human dermal fibroblasts and human keratinocytes show no cytotoxicity and ion specific influences on cell proliferation and migration. Apart from the global positive response of the skin cell populations, the released metal ion concentrations have to be kept in mind and the therapeutic window for the released ions needs to be carefully evaluated. In contrast to our previous studies, where primarily chemicallyfabricated ZnO nanoparticles were used [53] , this approach guarantees a much higher flexibility, which would allow the facile fabrication of multi-element release systems, as previously demonstrated for hydrophobic composite materials [20] . This approach could lead to systems releasing a set of essential ions, which potentially could address different burn wound healing needs and stages. Further studies should aim at matching the ion concentrations released from the composite to compensate the loss induced by burn.
Experimental
The high yield in situ embedding of laser-generated nanoparticles into polymer microgels comprises two main fields: (1) The process of microgel fabrication by pulsed laser ablation in liquid and (2) a detailed composite characterization. These two areas consist of various process steps, illustrated in Figure 2 .
It should be noted that of course gold nanoparticles are not applicable for ion release due to their highly positive redox potential. Nonetheless this material was used as a reference which allows visualization of the nanoparticle distribution in the polymer matrix by TEM. Similar examinations with zinc oxide and iron oxide are limited by their lower contrast in TEM.
Synthesis of nanoparticle loaded microgels
Nanoparticle-loaded microgels were prepared in situ by pulsed laser ablation in liquid (PLAL). For the laser ablation process a picosecond (<10 ps) Nd:YAG laser system (Atlantic, Ekspla) at 1064 nm has been used at pulse energy of 160 μJ independent from laser repetition rate. A 100 mm lens was used to focus the laser pulses through 3 mm liquid layer on a 99.99% pure zinc (thickness 0.25 mm, Goodfellow Cambridge Limited), iron (thickness 0.25 mm, Sigma-Aldrich) or gold (thickness 0.5 mm, Allgemeine Gold und Silberscheideanstalt AG) plate, respectively, placed in a batch chamber with a maximum volume of 20 mL, precisely described elsewhere [34] . The chamber was filled with aqueous monomer solution of N-Vinylcaprolactam (VCL, 98%, Sigma-Aldrich) in varying concentrations, 2-(Methacryloyloxy)ethyl acetoacetate (AAEM, 95%, SigmaAldrich) (5 mol% to VCL) and N,N′-Methylenebis(acrylamide) (BIS, 99%, Sigma-Aldrich) (3 mol% to VCL). Before utilization, VCL was distilled under vacuum and AAEM was filtered through neutral aluminium oxide (Sigma-Aldrich) whereas BIS was used as received. The solution was homogenized by a mechanical stirrer and heated up to 80 °C prior to the onset of laser ablation. This procedure was used in order to get a fast polymerization and to avoid instability of particles. Shortly after the laser ablation process was started, a solution of 2,2′-Azobis(2-methylpropionamidine) dihydrochloride (AMPA, 97%, Sigma-Aldrich) (5 g/L) was added to the reaction chamber to initiate the polymerization. All laser pulses were directed through a scanner system (Scancube 10, Scanlab) to ablate the target following a spiral geometry with a diameter of 6 mm and a scanning speed of 6 m/s. The resulting solution was stirred and heated to 80 °C for 1 h in total to reach maximum polymerization. After cooling down all samples were freeze-dried (Christ, Alpha 1-4).
Fabrication of microgel-decorated fibres
Polymer fiber pads were produced via electrospinning from solution using Polycaprolactone (PCL, MW 45,000 g/mol, Sigma-Aldrich) mixed with nanocomposites. Tetrahydrofuran (THF) and Dimethylformamide (DMF) in a volume ratio of 1:1 were chosen as solvents. The PCL concentration in the solvent mixture was 440 g/L. Electrospinning was performed by an Eltex KNH34/N2A generator operated at 17.5 kV DC with a spinnerettarget distance of 20 cm and a syringe with needle at a flow rate of 0.4 mL/h. Aluminium foil covered metal plates were selected as target materials.
Characterization methods
For the measurement of the laser power, FieldMax II -TOP (Coherent) was used. Determination of the ablated mass, which corresponds to the amount of embedded nanoparticles, has been carried out by weighing the target before and after ablation. Total Organic Carbon (TOC) analysis of supernatants after polymerization has been done with TOC-5000A and TOC-V CPN (Shimadzu) to identify the degree of polymerization. To this end the following experimental procedure was followed. In a first step, TOC values of the initial monomer solution were acquired as a reference. Following the laser ablation and polymerization process the samples were centrifuged at 14,000 rpm for 30 min and the supernatants consecutively analyzed by TOC. The difference between the initial concentrations and those found in the supernatant accounts for the polymerization yield. To clarify the distribution and conjugation of nanoparticles in the polymer matrix, transmission electron microscopy (TEM) images were taken with a Philips CM12 microscope (120 kV acceleration voltage), dropping nanoparticle-microgel-solution on a carbon-coated copper grid, which was dried at room temperature for one hour. For the imaging of electrospun fibers scanning electron microscopy (SEM) with a Hitachi SU9000 (1 kV acceleration voltage) and TEM measurements using a Zeiss LIBRA 120 (80 kV acceleration voltage) were performed. In order to gain information on matrix coupling and thermal stability relevant for sterilization, Thermal gravimetric analysis (TGA) (Shimadzu TGA-50) was done. Dynamic light scattering (DLS) experiments were carried out with a Malvern Zetasizer "Nano ZS", while the obtained intensity-weighted particle size distribution was transformed into a number weighted one by the Malvern software in order to ease comparability with TEM images.
Cell isolation and culture
Human keratinocytes (h-KC) and human dermal fibroblasts (hd-FB) were isolated from skin of donor healthy women (n = 3) undergoing plastic surgical breast reduction or abdominoplasty. H-KC and hd-FB isolation and the cell culture experiments were described in our previous work [57] . In short, the procedure involves a peeling of the epidermis by dispase II (2 U/mL; Roche, Grenzach-Wyhlen, Germany) digestion and a digestion with 0.05% trypsin-ethylenediaminetetraacetic acid solution (T/E) (PAA; L11-003) for h-KC. Hd-FB isolation consists in a dermis digestion with collagenase CLS 1 (Merck Millipore; C1-28). Cultures were performed in a 37 °C incubator with 5% CO 2 atmosphere, with keratinocyte growth medium 2 (PromoCell; C-20111) for h-KC and in DMEM-F12 (Biochrom AG; FG 4815) supplemented with 10% Foetal Bovine Serum (FBS) (Merck millipore; S0615), and 0.5% (w/w) L-ascorbic acid-2-phosphate (Sigma; 113170-55-1) for hd-FB. Both media were supplemented with 1% penicillin/streptomycin (Merck millipore; A2212). Trypsination in order to split or for test preparations were made, after phosphate buffer saline (Life Technologies; 18912-14) wash, by T/E 0.25%/0.02% (Merck Millipore; L2163). T/E was stopped by adjunction of FBS and dilution with PBS. Then cells were centrifuged at 150 g for 5 min. Cells were cultured till third passage before use for the assays described hereafter.
Cell colonization test
Rat tail type I collagen was isolated through established methods [58] . The collagen gels were formed by neutralisation with sodium bicarbonate 7.5% (w/w). 100 μL rat tail type I collagen (2 mg/mL) culture gels seeded with 10 5 hd-FB were formed in 96 well plates and kept in culture in 100 μL medium [DMEM-F12 (Biochrom AG; FG 4815) supplemented with 10% FBS (Biochrom AG; S0615), 1% penicillin/streptomycin (Biochrom AG; A2213) and 0.5% L-ascorbic acid-2-phosphat (Sigma; 113170-55-1)] for 24 h.
1.2 cm diameter discs of microfiber sheets were moistened and set at an air-liquid interface. A culture collagen gel was deposed on its top and incubated for 48 h. Constructs were fixed with 4% Paraformaldehyde (PFA) and embedded for cryosection. Thin cuts (8 μm thickness) were mounted with Vectashield with DAPI (Vector laboratory; H 1200) and observed under a fluorescence microscope (Zeiss Axiovert 200 M).
Microgels elution
Regardless to their nanoparticle content, 8 mg dehydrated microgel were dispersed per millilitre culture medium and were roughly agitated at 37 °C for 24 h. Dispersions were centrifuged at 10,000 g for 10 min and the supernatant was sterile-filtered through a 0.22 μm syringe-filter (TPP; 99722). The process was repeated a second time, as microgel remained in medium after only one step.
Proliferation and cytotoxicity assays
Cells were seeded in 96-Well Optical-Bottom Plates (Nunc; 165305) at concentration of 10 5 cells/100 μL/well and set overnight in culture conditions to allow cell-adhesion. Then, 100 μL medium were added with eluates of the different products in concentrations varying from 8 mg/mL to 8 μg/mL. This results in a final volume per well of 200 μL with concentrations tested varying from 4 mg/mL to 4 μg/mL. Cells were then set in culture conditions for 24 h. Lysis controls were treated with 0.9 ‰ (V/V) Triton-X for 10 min. One hundered μL medium is moved in a new plate to perform CytoTox-One-(Promega; G7890) whereas cell metabolism is tested on the cells in the remaining 100 μL via CellTiter-Blue ® (Promega; G8082). The CellTiter-Blue ® and CytoTox-One-assays were performed as prescribed by Promega with respective incubation time of 3 h and 10 min.
Measurements were performed on a Tecan GENios with 560 ± 10 nm and 590 ± 20 nm filters for excitation and emission respectively. After subtraction of backgrounds, values were normalised to the positive control, standard culture conditions for CellTiter-Blue ® or lysed control for CytoTox-One™.
